To broaden our understanding of extracellular proteins of Aspergillus oryzae at the conidial germination stage, analyses of the secreted proteins during germination were carried out. Taka-amylase A (TAA), glucoamylase (GLAA), and aspergillopepsin A (PEPA) were identified as the main products by peptide mass fingerprinting. TAA and PEPA were detected simultaneously with the formation of germ tubes. With the development of germination, the pH of the medium fell from 5.5 to 3.5. The secreted PEPA had a pro-sequence and likely shifted from 42 kDa to 41 kDa below pH 4.6, indicating that the precursor of PEPA was secreted and underwent pH-dependent processing. Furthermore, the 41 kDa protein was trapped by the addition of pepstatin A, the specific inhibitor of PEPA, suggesting that the maturation of pro-PEPA was a stepwise autoprocessing upon acidification of the medium and itself was an intermediate of the processing. It was implied that PEPA plays an important role at the early germination stage.
Secreted proteins play an important role in filamentous fungi, particularly in nutrition. The majority of them are hydrolytic enzymes.
1) The great ability of filamentous fungi to secrete proteins has been widely used for the production of enzymes and homologous and heterologous proteins in the biotechnological industry. 2, 3) Conidia are a primary means of dispersion and a genomic safe house for filamentous fungi under adverse environmental conditions. Their germination is typically triggered by nutrients in a process whose molecular details have not been determined. 4) In most filamentous fungi, the presence of low-molecular-mass nutrients such as sugars, amino acids, and inorganic salts is required to initiate germination.
5) The nutrition of conidial outgrowth depends on the secretion of extracellular enzymes for hydrolyzing complex polymers. In this respect, the secreted enzymes function to enhance the survival of the fungus at the beginning of its new life cycle. Although the enzymes from fungi secreted in the mycelial growth have been well studied due to their wide industrial application, the secreted proteins during conidial germination are little known.
Aspergillus oryzae is the most widely exploited fungus in traditional Japanese fermentation industries, such as sake, soy sauce, and miso manufacturing. The secreted hydrolytic enzymes from A. oryzae, such as amylases and proteases, are used for degrading materials and imparting flavor, aroma, and color. 6) Many studies of the properties of the enzymes secreted in the mycelial growth have been carried out independently in fermentation mash, but studies of the secreted enzymes during conidial germination of A. oryzae have rarely been reported.
To date, proteomic analysis using the peptide mass fingerprint method, which combines protein gel electrophoresis and matrix assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS), has proved to be the most powerful and sensitive method for identification of proteins in complex mixtures such as extracellular proteins. 7, 8) In this study, proteins secreted during germination of A. oryzae conidia were monitored in time course by SDS polyacrylamide gel electrophoresis (SDS-PAGE) and identified by peptide mass fingerprinting. Taka-amylase A (TAA), glucoamylase (GLAA), and aspergillopepsin A (PEPA) were identified as the main proteins secreted during germination, suggesting that hydrolytic enzymes might play a central role in this process.
Materials and Methods
Strain and growth conditions. The A. oryzae RIB40 strain was used and maintained on potato dextrose agar (Nissui, Japan). Conidiating culture was done at 28 C on plate cultivation for 7 d. Mature conidia were harvested and conidial germination culture was performed at 28 C and 100-130 rpm in 500 ml flasks containing 50 ml liquid medium inoculated with 10 7 conidia/ml. The liquid medium contained 1% casamino y To whom correspondence should be addressed. Fax: +81-42-367-5715; E-mail: takem@cc.tuat.ac.jp acid, 1% yeast nitrogen base w/o amino acid, and 2% glucose.
SDS polyacrylamide gel electrophoresis. The supernatant of culture media which did not contain either conidia or germinated conidia was collected at 2 h intervals by centrifugation (3000-7000 g, 20 min, 4 C) and stored at À80 C for freeze drying. The lyophilized powder of 2 ml culture media was dissolved in 80 l sample solution (62.5 mM Tris-HCl, 2% SDS, 10% (v/v) glycerol, 100 mM DTT, and 0.01% bromophenol blue, pH 6.8) and heated in boiling water for 4 min. The samples were subjected to 12.5% SDS-polyacrylamide gels and silver-staining according to published procedures. 9) Protein identification. The peptide mass fingerprint method was used for the identification of the secreted proteins.
10) Silver-stained bands were excised from the gels and cut into small pieces. The gel slices were dehydrated with acetonitrile, then reduced by 10 mM DTT, 100 mM NH 4 HCO 3 at 56 C for 60 min. Alkylation of cysteine residues was done with 55 mM iodoacetamide, 100 mM NH 4 HCO 3 for 45 min in the dark at room temperature. The gel slices were washed with 100 mM NH 4 HCO 3 and acetonitrile in turn for 15 min twice each, and then dried in vacuo. The dried gel pieces were rehydrated with 5-10 l trypsin (25 ng/l) in 50 mM NH 4 HCO 3 , 5mM CaCl 2 for 45 min on ice. After incubation at 37 C for 14-16 h, peptide fragments were extracted from the gel slices with 20 mM NH 4 HCO 3 for 20 min and then extracted with 5% formic acid and 50% acetonitrile three times, 20 min each time. The extracted solutions were dried to 5 l in vacuo.
The concentrated peptides were purified with C18 ZipTip (Millipore, Bedford, MA, U.S.A) according to the manufacture's instructions, and eluted with 75% acetonitrile. A saturated -cyano-4-hydroxycinnamic acid solution in 50% acetonitrile was used as a matrix. Peptide masses were determined in the reflector mode using a Voyager DE-STR mass spectrometer (PerSeptive Biosystems) with the internal calibration standard adjusted, and their fingerprints were compared to the Swiss-Prot database using MS-Fit software (http:// prospector.ucsf.edu). The mass accuracy of the searches was in 50 ppm. At least two samples were analyzed to identify the proteins.
Results

Time course of the secreted proteins and conidial germination
Freshly harvested mature conidia of A. oryzae were germinated at 28 C in submerged cultivation medium and the cultures were applied to SDS-PAGE for time course analysis of secreted proteins, as described in ''Materials and Methods''. Conidial germination was also observed at the same intervals under a microscope.
As shown in Fig. 1 , there was no band of protein from the medium, but the artifacts of staining were detected at 0 h of incubation. Protein bands were detected about 4 h after incubation. Upon microscopy, germ tubes were observed at the time of detection of secreted protein bands (Fig. 2) , indicating that the secretion was simultaneous with conidial germination.
Profile of the secreted proteins during germination
The bands numbered in Fig. 1 were identified by the peptide mass fingerprint method (Table 1) . Of the 9 bands detected, 7 bands were identified as TAA (bands 1, 3, and 5-9, Table 1 ), 5 bands as GLAA (bands 1, 2, 4, 8, and 9, Table 1 ), and 3 bands as PEPA (bands 4, 5, and 9, Table 1 ). Bands 1 and 8 contained GLAA and TAA; band 4, GLAA and PEPA; band 5, TAA and PEPA; and band 9, GLAA, TAA, and PEPA respectively.
Band 2 in Fig. 1 , which had an apparent molecular weight of 63 kDa on SDS-PAGE, was identified as GLAA (Table 1) . GLAA was also identified in band 1, with 68 kDa. It appeared that multiple forms of glucoamylase existed at the germination stage.
TAA was detected 4 h after incubation in band 3 with an apparent molecular weight of 52 kDa, and band 3 was the major band in the protein profile (Fig. 1) .
PEPA was identified in bands 4 and 5, with an apparent molecular weight of 42 kDa and 41 kDa respectively. PEPA of A. oryzae was reported to consist of a prepropeptide of 78 amino acids. 11) As shown in Fig. 3 , the pro-sequences of PEPA were found in the matched peptides of both band 4 and band 5, suggesting that both bands are pro-forms of PEPA. But band 4 was detected only 4 or 6 h after incubation, while band 5 appeared 10 h after growth (Fig. 1) . Pro-PEPA in band 5 appeared likely to be a substitution for band 4. These results indicate that a shift of molecular weight of proPEPAs might have occurred in the germination stage. The medium was collected at the pointed time intervals. Aliquots of 2 ml lyophilized medium were subjected to 12.5% SDS-PAGE and silver staining. Protein bands indicated by arrows were identified by the peptide mass fingerprint method. The asterisk indicates band 4.
Conversion of pro-PEPA was associated with acidification of the medium
The pH value of the culture medium displayed a great reduction from 5.5 to 3.5 during germination (Fig. 4) . Combining the results shown in Fig. 1 and Fig. 4 , the conversion of pro-PEPA from 42 kDa to 41 kDa appeared to take place when the pH value dropped below 4.6.
Effect of pepstain A on the profile of the secreted proteins
In order to clarify whether PEPA is involved in the proteolytic degradation, conidia were germinated with pepstatin A, the specific inhibitor for aspartic proteinase.
As shown in Fig. 5 , no significant change was found in the profile of TAA and GLAA, while an obvious increase was detected in the amount of 41 kDa pro-PEPA. In contrast to the weak band of 42 kDa pro-PEPA detected 4 or 6 h after incubation without pepstatin A (Fig. 1) , the corresponding bands were observed after the same incubation periods with the addition of pepstatin A (Fig. 5 ).
Discussion
In this study, TAA, GLAA, and PEPA were detected as main products in the culture media during conidial germination of A. oryzae RIB40. Both TAA and PEPA were found 4 h after incubation, concomitant with observation of the emergence of germ tubes under the microscope. The appearance of extracellular proteins accompanied by polarized growth of the germinating conidia suggests that the secretion was an essential action for germinating conidia to develop to a new individual.
Both band 1 and band 2 were identified as GLAA (Table 1) . Based on the results of peptide mass fingerprinting, several identical fragments of GLAA were also contained in the mass spectrometry data of the two bands, suggesting that the two proteins were expressed from the same gene. Their different apparent molecular sizes imply a multiplicity of GLAA production due to post-translational modification.
It is known that glucose is a repressor of TAA production as an instance of carbon catabolite repression during mycelial growth.
12) The time course analysis in our experiments showed that TAA was likely the major extracellular protein in the glucose medium (Fig. 1) , suggesting that the regulation of TAA production at the germination stage may differ from that at the mycelial Conidial germination was observed under the microscope at the same intervals as the protein analyses. Scale bar: 10 m. The bands were silver-stained following SDS-PAGE and subjected to trypsin-digestion and MALDI-TOF MS. The mass spectrometry data were fitted in Swiss-Prot database by the MS-Fit program. a Number of matched theoretical peptides vs. input peptides.
growing stage. Several bands were found to contain TAA with apparent molecular weights less than its theoretical mass (bands 5-9, Table 1 ), suggesting degradation fragments of TAA. Similarly, GLAA was also identified in bands 4, 8, and 9, and PEPA was found in band 9, as well (Table 1) . These results indicate that all of the three major extracellular proteins might have been submitted to degradation during germination. Kitano et al. reported that PEPA was not expressed at the mycelial growing stage in submerged culture by Northern blotting, 13) but, in this study PEPA was detected in the culture medium during conidial germination. The distinct expressions of A. oryzae PEPA might be explained by different nitrogen sources or different growth stages. In this study, 1% casamino acid was used as nitrogen source, so that no band from the medium was detected. This is consistent with a report that a much higher level of PEPF of Aspergillus fumigatus was found in growth on casein than in growth on other nitrogen sources. 14) A. oryzae germinated conidia produced aspartic proteinase even if casamino acid was used as nitrogen source. It might be that a small amount of aspartic proteinase at the germination stage was produced constitutively. Most aspartic proteinases are known to be derived from their precursors by an acid-triggered, intramolecular activation mechanism. 15) For PEPA of A. oryzae, in addition to 11 basic residues, the Lys64-Tyr65 sequence was found in its potential propeptide. The presence or absence of a Lys-Tyr pair is generally used as an indicator of pH-driven activation.
16) Therefore, selfprocessing is perhaps the major pathway in the maturation of pro-PEPA.
In this study, conversion of pro-PEPA from 42 kDa to 41 kDa was observed when pH was lowered to 4.6 (Figs. 1 and 5, bands 4 and 5, respectively). This was similar to the observation in the activation studies on Conidia were germinated with 50 mM pepstatin A and the medium was collected at the pointed time intervals. Aliquots of 2 ml lyophilized medium were subjected to 12.5% SDS-PAGE and silver staining. The identified bands are arrowed. The asterisk in indicates band 4. recombinant proyapsin 1 of yeast that the putative proyapsin 1 was converted into a pseudo-yapsin 1 (intermediate) at low pH. 17) Furthermore, the 41 kDa pro-PEPA was trapped by the addition of pepstatin A (Fig. 5, band 5) , suggesting that the activity of the mature form of aspartic proteinase was not responsible for the conversion of pro-PEPA from 42 kDa to 41 kDa, but for the further processing from 41 kDa pro-PEPA into the mature form. In addition, it has been found that various forms of aspartic proteinase of A. oryzae are derived from a single gene pepA.
11) Although other latent aspartic proteinases cannot be excluded in A. oryzae, no report has shown any other aspartic proteinase secreted by A. oryzae untill now. Taken together, we suggest that the precursor of PEPA underwent an autoprocessing conversion below pH 4.6. The 41 kDa pro-PEPA is perhaps the intermediate of autoprocessing, and the maturation of pro-PEPA appeared likely to be in a two-step pathway. 18) The accumulation of the 41 kDa intermediate triggered by the addition of pepstatin A (Fig. 5) suggests that the intermediate might be generated in an intramolecular manner, while its conversion into the mature form probably was an intermolecular event. The intermediate was observed in the absence of pepstatin A even at pH 3.5 ( Fig. 1) , indicating that it was stable under the conditions of germination. This stability implies that the intermediate might play an important role during germination, since pseudopepsin A, the intermediate in the two-step sequential pathway of pig pepsinogen A, has been shown to have proteolytic activity. 19, 20) No zymogen of fungal aspartic proteinase has been found during extraction and purification. 21, 22) On the other hand, many recombinant zymogens, such as the precursor of yapsin 1 of yeast, 17) rhizopuspepsin of Rhizopus chinensis, 23) and aspergillopepsin I of Aspergillus niger, 24) have been demonstrated to be secreted and capable of autoprocessing activation under acidic pH conditions. Thus, processing in vivo might occur autocatalytically at acidic pH in secretary granules of the general secretary pathway and might represent a general pattern of proenzyme maturation in fungal species. 23) Mcewen and Young, however, reported that a native zymogen of the acid extracellular protease (AXP) of the dimorphic yeast Yarrowia lipolytica was secreted and underwent autocatalytic activation to form the mature enzyme. Furthermore, the near-neutral pH in the microsomes of the yeast perhaps accounted for the secretion of the zymogen. 25) In this study, the precursor of PEPA was detected in the germination medium of A. oryzae. Upon the time course analyses, the secreted precursor perhaps converted into the mature form, resulting in the intermediate formation when the pH value went below 4.6 during germination.
Aspartic proteinase from A. oryzae has been reported to be capable of activating both trypsinogen and chymotrypsinogen. 26) Therefore, PEPA might be an important enzyme that provides nutrients and/or regulates the activities of other enzymes to promote conidial germination.
